This paper presents an electronic design based on general purpose discrete components for speed control of a single phase induction motor drive. The MOSFETs inverter switching is controlled using Sampled Sinusoidal Pulse Width Modulation (SPWM) techniques with V/F method based on Voltage Controlled Oscillator (VCO). The load power is also controlled by a novel design to produce a suitable SPWM pulse. The proposed electronic system has ability to control the output frequency with flexible setting of lower limit to less than 1 Hz and to higher frequency limits to 55 Hz. Moreover, the proposed controller able to control the value of load voltage to frequency ratio, which plays a major parameter in the function of IM speed control. Furthermore, the designed system is characterized by easy manufacturing and maintenance, high speed response, low cost, and does not need to program steps as compared to other systems based on Microcontroller and digital signal processor (DSP) units. The complete proposed electronic design is made by the software of NI Multisim version 11.0 and all the internal sub-designs are shown in this paper. Simulation results show the effectiveness of electronic design for a promising of a high performance IM PWM drive.
INTRODUCTION
Variable speed motors are used for a wide range of applications where higher performance is needed. These applications include steel and paper drive, variable delivery pumps, cranes, textile industry, and synthetic fiber industry, which are required an adjustable speed capability combined with continuous and accurate speed control [1] - [4] .
In case of the DC motors, the commutator consists of a large number of copper segments is separated by thin sheets of mica insulation. This elaborate construction increases the cost of the DC motor and reduces the power/weight ratio [5] . Also, brush and commutator wear by sparking and the mica insulation limits the voltage between segments, which concludes the total armature voltage limitation [6] . Moreover, the magnitude of the armature current and its rate of change are restricted by commutation difficulties, which lead to limitation of the rotation speed [7] . That is why; the DC motor is not the ideal solution for variable speed operation.
The induction motors (IMs) as a one type of AC motors have some advantages such as economical, rugged, reliable, a robust and simple rotor construction which concludes a cheaper motor and a higher power/weight ratio [8] - [10] . In this paper, the V/F method as one of the famous scalar method including some positive merits such as, linear controlling, variable frequency out, and control the V/F ratio is [11] . Pulse Width Modulation (PWM) is one of the best methods for switching techniques to implement V/F method to keep the constant flux for a full range of speed control of an AC motor drive [12] - [14] . Authors in [15] - [17] have verified their proposed methods with implementation of their work using Microcontroller, Field-programmable gate array (FPGA), and digital signal processor (DSP). The works in [18] - [20] propose artificial neural network based controller, indirect Z-source matrix converter with PSO-PI controller, and PI and Fuzzy controller respectively all for induction motor speed controlling functions. However, these units need to programming steps and also there is a delay in response depending of the controller clock. These points degrade the merits of the systems. In addition, these hardware setups led to higher manufacturing and maintenance cost. Different objectives electronic designs based on discrete components are proposed in [21] - [27] to facilitate and minimize manufacturing and maintenance cost. In the same point of view of using discrete components and to overcome the mentioned problems, this paper proposed a new electronic design based on general purpose discrete components of a single phase AC motor drive with an efficient wide range speed control. The design of this paper is done using NI-Multisim software. All the internal stage design and its simulation results are shown in this paper.
RESEARCH METHOD 2.1 System Model
In case of a single phase induction motor (SPIM) to avoid variable torque-speed curves when the supply voltage is constant and the frequency is varied, it is necessary to vary the stator voltage proportionally with variation of frequency to obtain constant torque over the frequency range [3] . So, the V/F method is applied for SPIM in this paper as shown in Figure 1 . The selected PWM technique in this work is unipolar asynchronous sampled sinusoidal pulse width modulation with variable frequency ratio. The variable frequency ratio is obtained through a constant carrier frequency. So, when change the reference frequency inside the controller to control the output fundamental frequency, this lead to a variable frequency ratio (1):
where, FR is the frequency ratio, f C is the carrier frequency (Hz), f O is the reference output frequency (Hz). Figure 2 shows the block diagram of the proposed system for single phase variable voltage and frequency PWM inverter. The aim of the proposed system is to produce variable frequency and voltage to control the speed of the induction motor.
As mentioned in Figure 2 , the block diagram of the system is started by a speed command, which is changed from 0V to 10V to cover the whole range of the speed. The VCO block is used to produce a square wave with a range of output frequency 100 Hz-2.2 KHz. The frequency divider and decade counter block is designed to set the frequency from 5 Hz-110 Hz. Next block is responsible to produce a full wave of the fundamental signal (Vfo1) with a variable frequency range from 2.5 Hz-55 Hz. Voltage controller block is producing new DC level voltage from speed command to provide a better flux at low speed for motor as shown in Figure 2 . The next block is applied to multiply two inputs, to have a fundamental variable frequency and variable voltage at the same time. The PWM pulse generator is designed to produce the required PWM pulse with flexible setting of the frequency of the output triangular signal. The last block is applied to insulate and scale the PWM pulses from the MOSFET switches of the full H-bridge. 
Electronic Design
The electronic design completely based on discrete components to provide the additional merits such as, easy constructed, flexible setting, and lower total cost. The design started by the VCO. Figure 3 represents the electronic circuit of the simulated VCO which produce an output frequency range depends on the selected RC included values as well as the value of controlled input voltage.
The maximum frequency of the output of the VCO is designed at 2.2 KHz. This frequency enters to the frequency divider and a reference signal generator to have a full wave rectified of a reference sine wave with maximum frequency 55 Hz. The frequency division function is done through the integrated circuit types CMOS4040 with rate of division equal 40 times. The reference signal generator is done through CMOS4017 (Counter), CMOS4066 (Analog Controlled Switches), and Op-Amps (designed as Adder). The voltage controller circuit is designed to add a suitable DC voltage level at low speed range. Figure 4 represents the electronic design to satisfy this increment in the V/F ratio at low speed range. 
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The proposed controller is designed to satisfy the following relation between the input voltage (V in ) to the electronic circuit and output voltage (V out ) from the circuit:
The V out1 enters to one input terminal as a V in1 of voltage multiplier while the other input terminal V in2 is represented by the reference full wave V fo1 . The output value of the voltage multiplier is explained in (4):
The next stage is represented by PWM pulse generator, which includes two electronic circuits. The first one is a triangular carrier wave oscillator, which is a voltage controlled oscillator. The second electronic circuit is a comparator operational amplifier which used to produce PWM pulses by comparing the high frequency carrier triangular wave with the low range variable frequency reference wave. Figure 5 shows the electronic design of the fixed frequency triangular VCO and the conditional circuit.The last stage in the proposed electronic design is represented by four gate drivers as well as MOSFET (IRF840, 8 A/500 V) transistor full H-bridge. Figure 6 shows the detailed connection of the gate drivers and the MOSFET transistor bridge connected to the DC supply 300 V.
RESULTS AND ANALYSIS
This section focuses on the simulation results of all the designed circuits by NI-Multisim software. The recorded results are represented by the shape of all output waveforms and related curves to prove the effectiveness the proposed system. Figure 7 represents the output waveform of the VCO circuit at the control input voltage, which its peak value is 5.1 V. The designed circuit is used to deliver a variable frequency triangular signal to control the output frequency of the proposed system. The high range variable frequency of the VCO output voltage enters to frequency divider to have a lower range of frequency, and it enters also to other circuit to produce samples of a full sine waveform. The maximum input frequency is 2.2 KHz as mentioned in Figure 7 . Figure 8 shows the behaviour of this circuit through a range of input controlled voltage with maximum value 10 V. From Figure 8 , it is found that the linearity of the response, which reflects the high quality of the proposed design. Figure 9 shows the results of the frequency divider, which a half of the maximum reference frequency value and maximum reference frequency are shown, respectively. Figure 9 demonstrates the changing in reference frequency only without change in the amplitude of reference signal. Figure 10 shows the result of the set voltage controller at low speed command. As seen in Figure 10 , the input command has an additional suitable DC level. The value of this level is inversely nonlinear proportional with this speed command depend on the desired speed requirement of the IM as shown in Figure 11 for different speed commands. Figure 12 shows full linearity behaviorof the controller. Figure 2 , the block of voltage multiplier is responsible to multiply the two input values; first one is the output of the voltage controller and the second one is the variable frequency reference signal. Figure 13 shows the result of the output function of this block for medium and maximum speed commands, respectively. Figure 14 shows the output signal of voltage multiplier compared with fixed frequency carrier (1 KHz) to have the required PWM pulses for medium and maximum speed commands. It is found from Figure 14 that the proposed technique present variable ratios of the carrier frequency to reference frequency which, reflect positively to reduce the torque pulsation at low speed command. Figure 15 shows splitting the PWM pulses for two parts of drive circuits. As seen in Figure 15 , the splitting process is done at medium and maximum speed commands. The simulation results of load power at medium and maximum speed commands are shown in Figure 16 and Figure 17 respectively. As seen in these figures, the proposed system 1080 design has ability to control the load power with respect to input speed command. Figure 18 shows the response of the proposed inverter for the transferred power to the resistive load. As shown in the Figure 18 , the design shows the effectiveness of the proposed system to have the ability and emulate the practical application.
(a) (b) 
CONCLUSION
An electronic design based on general purpose discrete components for speed control of a single phase induction motor drive has been presented in this paper. The structure of the proposed electronic design is based on the VCO along with a control of the output frequency with a flexible range between 1 Hz -55 Hz. The load power has been also controlled to produce a suitable SPWM pulse, which has controlled the inverterswitching using V/F method. The proposed electronic design has been successfully simulated and tested using the software of NI-Multisim version 11.0. The obtained results of the proposed electronic design indicate on a promising of high performance IM PWM drive to emulate the practical application. In addition, the proposed discrete components based system has positive merits compare to the other systems based on Microcontroller and digital signal processor (DSP) considering, such as, easy manufacturing and maintenance, low cost, and does not need to programming steps. 
